Introduction {#Sec1}
============

Naked viruses are generally thought to leave cells by causing rupture of the infected cells, leading to the release of non-enveloped viral capsids containing the viral genome. However, several species of naked viruses have been described to exit infected cells before cell lysis occurs \[[@CR1]--[@CR7]\]. It has been long known that many of these viruses modify intracellular host membranes in order to form so-called replication organelles, which are specialized intracellular membranous structures where the viral genome is replicated \[[@CR8]\]. Recent evidence shows that host membranes also play a crucial role in non-lytic virus release from intact host cells, by providing a membranous coat allowing the exit of naked viruses enclosed in small lipid bilayer-delineated vesicles \[[@CR9]\]. These membrane-enclosed viruses, sometimes referred to as "quasi-enveloped viruses," can cause effective infection of healthy cells \[[@CR9], [@CR10]\]. These findings aroused great interest because host membrane-enclosed naked virus particles can escape detection by the immune system and play an important role in virus propagation \[[@CR11], [@CR12]\].

The active release of membrane vesicles is not unique to virus-infected cells. A large body of evidence collected over the last 10--15 years indicates that virtually all cells release lipid bilayer-enclosed vesicles, collectively referred to as "extracellular vesicles" (EV). Release of such vesicles by cells has come in the limelight as a widespread and conserved means of intercellular communication (reviewed in \[[@CR13]\]). Research in the EV field strongly progressed due to the development of specialized technology facilitating purification and in-depth characterization of different types of EV. Currently available data clearly indicate that cells can release heterogeneous populations of EV, which in part is caused by the existence of multiple EV biogenesis pathways. It has been hypothesized that EV-enclosed viruses arise due to convergence of EV formation pathways with those for virus assembly \[[@CR11], [@CR12]\]. In this review, the relationship between naked viruses and EV is discussed in light of what we know about diversity in EV biogenesis routes and the heterogeneous nature of EV. We stress the necessity to study the formation and function of EV-enclosed viruses in the context of the complete population of EV released by cells, which may change in composition depending on the time after infection and environmental conditions. The complexity of this research area pleads for strong liaisons between the fields of EV biology and virology to further unravel how virus-induced EV affect virus progression and disease.

Ins and outs of extracellular vesicles {#Sec2}
======================================

EV are lipid bilayer-enclosed vesicles with specific protein and nucleic acid cargo that are actively released by virtually all cell types (reviewed in \[[@CR14]\]). Over recent years, it has become clear that EV can play an important role in various homeostatic and pathological processes by delivering specifically sorted cargo molecules to target cells (reviewed in \[[@CR13]\]). EV can be formed by inward budding of late endosomal compartments, creating intraluminal vesicles (ILVs). When such multivesicular bodies (MVB) fuse with the plasma membrane, the ILVs are released into the extracellular environment and are then referred to as "exosomes." Such exosomes are in general 50--150 nm in size. Alternatively, EV directly pinch off the plasma membrane. These vesicles are often referred to as "microvesicles" (MV), which vary in size from around 100 nm to a few micrometers. Proteins frequently detected in EV include tetraspanins such as CD9, CD63 and CD81, and endosomal proteins such as tumor susceptibility gene (TSG) 101 and syntenin (reviewed in \[[@CR14]\]). In addition, EV contain cell type-specific proteins, such as MHC class II and specific integrins. Furthermore, EV carry several types of small non-coding RNAs, including miRNA, tRNA, and Y-RNA \[[@CR15]\], which may regulate gene expression or induce signaling in target cells (reviewed in \[[@CR16]\]).

Mechanisms underlying the formation and release of EV have been partly resolved (reviewed in \[[@CR14]\]). Proteins of the endosomal sorting complexes required for transport (ESCRT) machinery are important for several steps in EV biogenesis. Vesicle formation can be initiated by binding of the ESCRT-0 protein HRS to cargo selected for incorporation into ILVs and to phosphatidylinositol 3-phosphate (PI3P) lipids. HRS recruits ESCRT-I proteins including TSG101, which subsequently recruit ESCRT-II. ESCRT-I and II play a role in the sorting and loading of ubiquitinated proteins within ILVs and the budding of these vesicles. ESCRT-III recruits the AAA ATPase VSP4 and thereby aids in the scission of budding vesicles. In addition, ESCRT-independent pathways exist in which ILV formation involves tetraspanin-enriched domains or conversion of sphingomyelin to ceramide by sphingomyelinases \[[@CR17]\].

At the start of the field of EV research, the main focus was on small EV (50--150 nm), assuming that these represent true exosomes. More recently, it was demonstrated that viable cells also actively release larger types of functional EV \[[@CR18], [@CR19]\]. In addition, in-depth proteomic analysis suggests that populations of small EV contain both endosome-derived exosomes and non-exosomal EV \[[@CR20]\]. These data indicate that cells simultaneously release various types of EV that differ in composition and function. Heterogeneity in EV populations is not only caused by variation in subcellular origin. The quantity and molecular composition of released EV is also highly influenced by the activation and differentiation status of the producer cell and external factors such as the availability of nutrients and oxygen levels \[[@CR21], [@CR22]\]. The variable cargo of released EV may be reflective of changes in the intracellular abundance of these molecules. However, specific cargo may also be selected for packaging in a highly regulated manner. As a result, EV can transfer protein, lipid or nucleic acid cargo molecules that inform distant or neighboring cells about the status quo of the producer cell.

The current lack of protein markers that non-circumstantially discriminate between one type of EV and the other has hampered the development of a practical EV nomenclature and comparison of data generated by different research groups. This is further complicated by the fact that a large variety of different EV isolation methods is being employed, each of which is biased in how efficiently specific EV subpopulations are isolated and to which extent the resulting EV populations are contaminated with co-isolated non-EV components. Hence, various initiatives were taken to standardize EV isolation and characterization methods and to improve correct reporting of experimental details, aiming to increase transparency and reproducibility of published results \[[@CR16], [@CR23]\].

How do EV and viruses interrelate? {#Sec3}
==================================

Early in the developing field of EV research, the small size of EV and their capacity to transfer genetic material to other cells already triggered thoughts on a potential relationship between EV and viruses \[[@CR24]\]. Enveloped viruses, and retroviruses in particular, also resemble EV with regard to their enclosure in host-derived membrane, the molecular machinery driving their formation in the endosomal system or at the plasma membrane, and strategies for uptake by target cells \[[@CR25], [@CR26]\]. This analogy fed the idea that viruses could have evolved to usurp EV-mediated communication for the delivery of viral products and/or host factors beneficial to the virus to neighboring cells. The role of EV in the transfer of viral subunits has been extensively studied and reviewed for many enveloped viruses, but in particular for HIV and EBV \[[@CR12], [@CR26]--[@CR28]\]. Upon infection, these viruses induce the release of EV containing viral products that function in the conditioning of the surrounding environment to enable optimal virus propagation. Conversely, some of the EV-associated molecules can activate the innate antiviral immune response, substantiating that such EV can also have pro-host effects. Although there is strong interest in further delineating the role of EV in retroviral infections, technical limitations exist in the efficiency with which EVs that carry viral proteins, host proteins, and viral genomic elements can be separated from enveloped viral particles that carry similar molecules \[[@CR26]\].

With regard to naked viruses, the interplay with EV is illustrated by the reported packaging of complete virions in host membrane-derived vesicles containing several transmembrane and luminal proteins characteristic for EV. This has been primarily shown for viruses belonging to the Picornaviridae family, which includes the causative agents of a large list of human and animal diseases. Electron microscopy (EM)-based studies demonstrated EV enclosure of hepatitis A virus (HAV), coxsackievirus serotype B3 (CVB3), and poliovirus (PV) \[[@CR9], [@CR29], [@CR30]\]. Host membrane enclosure of virus particles was also shown for unrelated naked viruses such as hepatitis E virus (HEV) \[[@CR31]\] and suggested for rotavirus (Reoviridae) \[[@CR4]\]. Association with EV offers naked viruses the opportunity to escape cells in an early stage of infection and to hide from the immune system. Current research in this field focuses on unraveling how pathways for virus release and EV biogenesis converge and on the functional analysis of EV-enclosed naked viruses (hereafter referred to as "EV-virus"). Until now, EV-virus-related studies have been performed using several types of naked viruses with different replication kinetics. This inevitably implies that there is a high level of variability in experimental conditions under which EV-virus formation is studied. Although this may reduce inter-study comparability of data, it also stimulates hypothesis formation on conservation of EV-virus biogenesis pathways among (groups of) viruses. Below, we aim to identify virus-related and environmental factors that can influence EV-virus formation, release, and function.

Overlap in mechanisms for EV-mediated release between different naked virus types? {#Sec4}
==================================================================================

EV membranes surrounding naked virus particles are host-derived because these viruses do not encode any structural membrane proteins. However, the subcellular origin of the host membrane surrounding the viral particles is poorly defined and their routes of formation remain largely elusive. Moreover, it is questionable whether infection by different naked virus types induces EV-mediated release of virus particles via similar pathways. In most of the reported studies, (limited) characterization of the EV-virus-associated host proteins, in particular those known to be involved in EV formation, has been performed (Table [1](#Tab1){ref-type="table"}). Based on these datasets, two routes of EV-virus formation have been suggested, in which either autophagosomes or late endosomes are regarded as sites where membrane enclosure of virus particles occurs.Table 1Protein composition of EV-virus in relation to EV isolation methodsVirusEV-virus protein compositionMethod of detectionPre-clearingEV isolationRefEnterovirus (Picornaviridae)PVLC3-II\
CalnexinWB500×*g* 5 minBead capture (AnnV)\
(on 5,000×*g* 10 min pellet)\[[@CR9]\]CVB3Flotillin-1\
LC3-IIWB3,000×*g* 15 minCommercial reagent-based precipitation\[[@CR30]\]CD63\
LC3\
TOM70\
DRP1WB3,000×*g* 15 minCommercial reagent-based precipitation\[[@CR32]\]EV71CD63WB300×*g* 20 min 2,000×*g* 20 min\
10,000×*g* 30 min100kD ultrafiltration, UC: 100,000×*g* 30 min through sucrose\[[@CR10]\]CD81\
LC3WBn.s.Commercial reagent-based precipitation\[[@CR33]\]Hepatovirus (Picornaviridae)HAVALIX\
Flotillin-1WB1000×*g* 10 min\
2× 10,000×*g* 30 minUC: 100,000×*g* 60 min, density gradient\
(EV at 1.06--1.10 g/ml)\[[@CR29]\]ALIX\
CD9\
DPP4\
CHMP4\
CHMP7\
VPS4BProteomics and\
bead-based detection2 × 10,000×*g* 30 minUC: 100,000×*g* (time n.s.), density gradient\
(EV at 1.02--1.08 g/ml)\[[@CR34]\]LAMP1\
RAB7A\
RAB5C\
SynteninProteomicsOrthohepevirus (Hepeviridae)HEVCD81WB1,200×*g* 10 min\
10,000×*g* 30 minUC: 100,000×*g* 60 min\[[@CR31]\]CD9\
CD63\
CD81Bead-based detectionFiltration 0.22 μmUC: 100,000×*g* 70 min\
Surface protein-specific capture (CD9/CD63/CD81)\[[@CR35]\]ALIX\
CD63\
TSG101WB300×*g* 15 min\
2,000×*g* 20 min\
10,000×*g* 30 minUC: 110,000×*g* 70 min\
density gradient\
(EV at 1.10--1.15 g/ml)\[[@CR36]\]TGNOL2Bead-based detection--Surface protein-specific capture (TGNOL2)\
in culture supernatant\[[@CR37]\]Listed are studies describing the protein composition of virion-containing EV derived from picornavirus-infected cells (enterovirus and hepatovirus genera), as well as HEV-infected cells (Hepeviridae). Indicated proteins were detected by western blot analysis, proteomics, or bead-based detection of proteins co-captured with viral RNA. For proteomics studies, only proteins relevant to EV biogenesis pathways are listed. Clean-up steps performed prior to EV-virus isolation included centrifugation at various g-force or filtration. EV-virus isolation methods also varied between studies and included particle sedimentation-based techniques (commercial reagent-based precipitation and ultracentrifugation), isopycnic density gradient centrifugation and capture on affinity purification beads. n.s. = not specified, WB = western blot, UC = ultracentrifugation

An autophagy-related route of EV-virus formation {#Sec5}
------------------------------------------------

Several enteroviruses, such as CVB3, PV, and EV71, were reported to escape cells enwrapped in EV containing not only well-known EV marker proteins like CD63, CD81, and flotillin-1 \[[@CR30], [@CR32], [@CR33]\], but also the autophagy-related protein LC3 \[[@CR9], [@CR30], [@CR32], [@CR33]\]. This finding triggered the idea that autophagy could be involved in formation of EV-virus. Autophagy is a cellular catabolic process by which cells under stress conditions engulf and break down damaged or unnecessary cytoplasmic constituents and recycle the building blocks to fuel processes that are crucial to survival. It is well established that autophagy plays an important role in virus infection. Many different picornaviruses, including PV, rhinovirus, EV71, CVB3 (genus enterovirus), and FMDV (genus aphthovirus) actively induce autophagy to sustain infection \[[@CR38]--[@CR42]\]. During autophagy, LC3 is involved in selective cargo sequestration, as well as elongation and closure of the double membrane phagophore to form autophagosomal compartments (reviewed in \[[@CR43]\]). Unlike other components of the autophagy regulatory machinery, LC3 in its lipidated form (LC3-II) decorates both the inner and outer membrane of autophagosomes. The reported presence of LC3 on EV containing naked virus particles suggests that autophagosomes may provide the membrane for EV-virus formation. In support of this idea, it was shown that disruption or stimulation of autophagy initiation appeared to respectively inhibit or boost the non-lytic spread of PV, without affecting virus replication \[[@CR1]\]. These data support the idea that autophagy plays a multifaceted role in picornavirus replication and release. Interestingly, CVB3 infection was shown to not only initiate autophagy but also to block the autophagy flux towards lysosomal degradation \[[@CR9], [@CR44]\]. This suggests that virion-containing autophagosomes may not follow conventional routing towards lysosomes, but rather fuse with the plasma membrane to expel their contents to the external milieu. This route, coined "secretory autophagy" (reviewed in \[[@CR45]\]), is an alternative disposal pathway for aggregated, defective, or non-functional cytoplasmic constituents to alleviate stress caused by these products under conditions of lysosomal dysfunction. Via this secretory autophagy pathway, membrane-bound vesicles decorated with LC3 could be released, provided that the autophagosomal inner membrane is not degraded. EV release via the secretory autophagy pathway has also been described in various non-infectious conditions. In neurodegenerative disorders, for example, this pathway was shown to drive the release of α-synuclein and other prion-like proteins in EV that display LC3 and tetraspanins CD9, CD63, and CD81 \[[@CR46]--[@CR51]\]. A role for secretory autophagy is also recognized in controlling the EV-mediated release of members of the IL-1 family of cytokines, including IL-1β and IL-18, which lack an N-terminal signal peptide needed to enter conventional protein secretion pathways \[[@CR52], [@CR53]\]. To further delineate the relationship between autophagy and EV-virus release, it is important to know whether and how picornaviruses that are proposedly released in LC3-decorated EV actively steer the autophagy pathway towards a secretory rather than degradative process. In this light, it is interesting to note that syntaxin 17, a factor required for fusion of autophagosomes with lysosomes, was sequestered away from autophagosome-like organelles that contained virions in CVB3-infected cells \[[@CR9], [@CR54]\].

MVB-mediated release of hepatotropic naked viruses in EV {#Sec6}
--------------------------------------------------------

In contrast to the group of viruses described above, EV enclosing the hepatotropic viruses HAV (Picornaviridae) and HEV (Hepeviridae) reportedly did not contain LC3 and their release was not affected by inhibition of autophagy \[[@CR29], [@CR34]\]. Based on their protein composition, these EV-virus particles were instead proposed to form through inward budding into endolysosomal compartments and to be released upon fusion of MVBs with the plasma membrane (reviewed in \[[@CR55]\]). EV containing HAV or HEV were strongly enriched for components of the endolysosomal pathway and regulators of vesicular transport, such as flotillin-1, syntenin, the Rab GTPases RAB5C and RAB7A and the tetraspanins CD9, CD63 and CD81 \[[@CR29], [@CR31], [@CR34], [@CR35]\]. In addition, EV-containing HAV and HEV comprised many ESCRT components and their accessory proteins \[[@CR29], [@CR34], [@CR36]\]. The involvement of several of these host proteins, e.g., VPS4A and VPS4B, in the biogenesis of EV-enclosed HAV or HEV was confirmed by RNA interference (RNAi) studies \[[@CR29], [@CR34], [@CR56]\]. However, the pathways of their formation do not entirely overlap. HAV-containing EV were shown to be highly enriched for ESCRT-III-associated proteins like ALIX and depletion of this protein abrogated extracellular release of HAV \[[@CR29], [@CR34]\]. HRS (ESCRT-0) and TSG101 (ESCRT-I), on the contrary, were neither incorporated in HAV-containing EV nor affected their release \[[@CR29], [@CR34]\]. Since ALIX was shown to directly interact with HAV capsid protein, a model was proposed where this interaction orchestrates the sorting of HAV virions for budding into MVBs while bypassing the need for other ESCRT proteins \[[@CR29], [@CR34]\]. Other than for HAV, EV-mediated release of HEV required the ESCRT-0/I proteins HRS and TSG101 \[[@CR31], [@CR56]\]. In addition, the non-structural viral protein ORF3, which can interact with TSG101, was shown to mediate extracellular release of HEV \[[@CR56], [@CR57]\]. Similarly, a non-structural protein of Bluetongue virus (Reoviridae) was also shown to connect the viral capsid to TSG101 \[[@CR2], [@CR58]\]. Thus, although EV-virus containing HAV and HEV both appear to originate from MVB, each of these viruses has evolved a unique mechanism to gain access to the MVB-mediated EV secretory route. Overall, enteroviruses and hepatotropic viruses can hijack several different host cellular processes involved in shuttling of cytoplasmic cargo into EV. However, since the MVB and secretory autophagy pathways do not operate autonomously and share many regulatory factors, resolving EV-virus formation pathways based on their molecular composition is challenging.

Experimental conditions and EV-virus data interpretation {#Sec7}
--------------------------------------------------------

A large body of evidence acquired in the EV research field has indicated that pre-analytic variables and the applied methodology to isolate EV have a major impact on both the quantity and type of isolated EV and co-isolated contaminants (reviewed in \[[@CR59], [@CR60]\]). The interpretation of currently available data on the molecular composition of EV-virus (Table [1](#Tab1){ref-type="table"}) should therefore be evaluated in the context of experimental variation between studies. In the EV-virus studies described in this review, a large variety of fast- and slow-replicating virus strains and more or less susceptible cell lines was used. Besides cell culture- and virus-related variables (Fig. [1](#Fig1){ref-type="fig"}), also differences in the applied EV isolation methodologies compromise comparability of data obtained in different EV-virus studies. EV isolation techniques differ in the efficiency with which EV subpopulations can be isolated and separated from contaminating particles. Frequent contaminants of EV preparations include extracellular structures that overlap with EV in terms of size and density, such as protein aggregates or lipoprotein particles \[[@CR61], [@CR62]\]. The research strategies applied in EV-virus studies show large differences in both the stringency by which EV-containing culture supernatants were pre-cleared of contaminating cell debris and in EV isolation methods (Table [1](#Tab1){ref-type="table"}). In some studies, all material pelleting at a centrifugal force up to 10,000×*g* was discarded in the pre-clearing step, while it is increasingly recognized that larger EV (often termed microvesicles) sediment at this speed. Such larger EV were shown to be phenotypically and functionally different from small EV sedimenting at 100,000×*g* \[[@CR63]--[@CR65]\]. In other studies, these larger EV were co-isolated with smaller EV because pre-clearing steps were performed at lower centrifugal force. Following pre-clearing, the types of EV isolation methods employed in the EV-virus studies included sedimentation of EV by either precipitation-based techniques or high-speed ultracentrifugation (Table [1](#Tab1){ref-type="table"}). While high-speed ultracentrifugation may lead to sedimentation of a more restricted set of particle types, both techniques co-isolate protein and lipoprotein complexes \[[@CR66]\]. In some studies, EV-virus was further purified by either density gradient ultracentrifugation, which separates EV from contaminating protein aggregates (\[[@CR66], [@CR67]\], or by affinity capture onto beads. Capturing moieties coated on these beads included antibodies to the common EV-associated proteins CD9, CD63, and CD81 for capturing EV-enclosed HAV or HEV \[[@CR34], [@CR35]\] and the phosphatidyl serine (PS) binding protein annexin V for capturing EV-enclosed PV \[[@CR9], [@CR68]\]. Although the risk of co-isolating contaminants is low, this technique is biased towards isolating only a subset of EV with the highest affinity for the beads \[[@CR69]--[@CR71]\] and will therefore only provide information on a particular subset of the total EV population. Taken together, different EV isolation and characterization techniques may specifically enrich for certain EV subtypes or fail to deplete contaminants (Fig. [1](#Fig1){ref-type="fig"}). This highlights the need for caution when drawing conclusions about the origin and biogenesis pathway of EV-virus based on the molecular composition of EV isolates.Fig. 1Multiple factors can influence the composition of EV-virus isolates. The figure presents a schematic overview of factors identified in the EV- and EV-virus-fields that affect the molecular composition of EV isolates. First, *EV*(*-virus*) *production* itself can vary based on factors relating to the producing cell, including the nature of the cell (intrinsic factors) and its environmentally determined condition (extrinsic factors). Upon infection, these factors coalesce with the properties of the virus in a *time*-sensitive manner to govern the production and release of virions, EV-virus, and other EV by the infected cell. Secondly, the heterogeneous population of released EV can undergo \'*EV-editing\'* by engaging with factors encountered in the extracellular environment. These factors can either bind to or disrupt EV membranes to modify the existing particles. Additional variation in the composition of EV isolates is introduced during *isolation and purification steps*. Depending on the centrifugal force applied in pre-clearing steps to remove cell debris, subsets of larger EV may either be depleted in this step or may be co-isolated in subsequent steps. The different techniques applied to isolate EV-virus are based on different principles related to physical, affinity or biochemical characteristics of EV. These EV isolation techniques therefore differ in the efficiency with which EV can be separated from contaminating naked virions and protein aggregates, or may specifically enrich for certain EV subtypes

EV-enclosure affects the spread of naked viruses and antiviral responses {#Sec8}
========================================================================

Enclosure of naked viruses in EV can influence several steps in both virus spread and the induction of or escape from antiviral responses. Most obviously, release via EV offers naked viruses an alternative egress route without compromising host cell integrity \[[@CR9], [@CR72]\] and protection from circulating neutralizing antibodies \[[@CR10], [@CR29], [@CR35], [@CR36], [@CR73]\]. However, the EV membrane coat and co-transfer of host signaling molecules via EV can influence several other steps in virus dissemination, as the molecular composition of EV is a key determinant of the specificity and efficiency with which EV bind target cells as well as the functional response they elicit.

EV-virus and naked virus particles differ in biodistribution {#Sec9}
------------------------------------------------------------

Upon release, EV generally bind to designated target cells that may be present in the local environment as well as at distant sites to exert their functional effects \[[@CR74]\]. A similar process is seen during infection, where virus spreads locally or undergoes (systemic) dissemination. However, enclosure in EV can lead to changes in the spread of virions to different tissues. EV carrying EV71 infectivity, for example, preferentially spread infection to the liver and spleen (sites known to accumulate EV \[[@CR75]\]), and less to the brain and intestine when compared to naked virus particles \[[@CR76]\]. Similar to spreading of other types of EV \[[@CR75], [@CR77]\], the tissue-targeting of EV-virus may depend on the site of release, the parental cell type, and the molecular composition of the EV, features that likely differ per type of virus infection \[[@CR75], [@CR77]\]. In addition, differences in physical properties between EV and naked viruses, such as size, could contribute to the variation in the dissemination patterns among these two types of particles.

Host membrane constituents regulate EV-virus attachment to cells {#Sec10}
----------------------------------------------------------------

A wide range of receptor-ligand interactions have been identified that underlie interactions between various types of EV and their target cells. These include protein-protein (e.g., integrins), protein-sugar (e.g., lectins), and protein-lipid (e.g., PS lipid) interactions, the combination of which can be considered as an "address label" to direct EV delivery (reviewed in \[[@CR25], [@CR78]\]). A remarkable example of such interactions mediating the specific targeting of EV is the organotropism of tumor-derived EV, of which the tissue localization was shown to depend on particular integrins present on the EV surface \[[@CR77]\]. Moreover, we previously showed that T cells depended on activation-induced conformational changes in the LFA-1 integrin to bind DC-derived EV via ICAM-1-LFA-1 interactions \[[@CR79]\]. Our current understanding of the molecules that mediate uptake of EV-virus, and how this varies with the type of virus and infected cell type, is still limited. So far, EV surface exposure of PS lipid, a motif previously implicated in the uptake of EV into a variety of cells \[[@CR80]--[@CR83]\], was shown to be required for the uptake of EV-enclosed PV and HAV particles \[[@CR9], [@CR84]\]. In fact, the PS-receptor TIM-1 is currently the only confirmed receptor contributing to the uptake of EV-virus, as it was shown to promote adherence to and initial infection of kidney epithelial cells by EV-enclosed but not naked HAV virus particles \[[@CR85]\]. Data regarding the role of TIM-1 in HAV infection for other cell types, however, is conflicting \[[@CR29], [@CR85]\]. Besides binding specificity, EV membranes surrounding naked virus particles can also affect the kinetics of target cell binding and subsequent infection efficiency. EV containing HEV or HAV, for example, bound their respective target cells with lower efficiency compared to naked virions, and hence displayed delayed infection kinetics \[[@CR85], [@CR86]\]. EV-enclosure of PV, on the other hand, enhanced the infection efficiency of macrophages, cells known to selectively take up PS-rich EV \[[@CR9], [@CR82], [@CR83]\].

Interestingly, EV-enclosure can also allow some viruses to gain access to cells that are non-susceptible or non-permissive to their naked counterparts, which was shown to either boost the antiviral immune response or enhance virus spread. EV-enclosed HAV particles, for instance, could be effectively internalized by non-permissive plasmacytoid dendritic cells (pDC), thereby inducing interferon (IFN)-α production and promoting the antiviral immune response \[[@CR84]\]. In contrast, EV carrying EV71 infectivity enhanced virus spread by promoting infection of an otherwise non-susceptible cell line lacking the EV71 entry and uncoating receptor SCARB2 \[[@CR76], [@CR87]\]. This finding possibly concurs with the idea that EV carrying viral RNA in the absence of a capsid can lead to infection of recipient cells in a receptor-independent manner \[[@CR76]\]. Overall, however, our current knowledge on whether and how EV-virus affects viral tropism is limited.

EV-mediated delivery of virus and host components to recipient cells {#Sec11}
--------------------------------------------------------------------

After engaging with a recipient cell, molecules in the lumen of EV can only exert functional effects upon liberation from the EV particle. Data demonstrating functional delivery of EV-enclosed RNA molecules gave rise to the assumption that fusion between EV and host cell membranes induces the direct release of EV cargo into the target cell cytoplasm. Such fusion events have been proposed to take place at the plasma membrane or in endosomal compartments upon internalization via multiple endocytic pathways, yet evidence demonstrating their occurrence is still scarce \[[@CR78], [@CR88]--[@CR90]\]. In contrast, studies on EV-virus suggest that the EV content is liberated in the lumen of acidic endosomal/lysosomal compartments. This notion was based on the finding that infection of target cells by EV-enclosed HAV and PV particles was inhibited by blocking the interaction between the viral capsids and their respective cellular receptors, an interaction that can only occur after escape from the EV membrane \[[@CR9], [@CR29]\]. Moreover, EV-enclosed HAV and HEV particles were shown to require endosomal acidification to mediate infection, whereas this was not the case for naked viruses \[[@CR29], [@CR86]\]. These data indicate a role for EV degradation in late endosomes or lysosomes to release enclosed virus particles, a hypothesis that is supported by the finding that lysosomal factors involved in lipid/membrane degradation were required for EV-mediated infection of HEV \[[@CR86]\]. Upon release, the interaction between virus particles and cellular receptors likely enables virion uncoating and release of the viral genome in order to establish a productive infection. Noticeably, endosomal/lysosomal release of EV-enclosed virions not only enables infection, but also poses a risk for virus degradation and immune activation. Internalization of EV-enclosed HAV by pDC, for example, was shown to boost the release of IFN-α by endosomal Toll-like receptor 7 (TLR7) recognition of viral RNA \[[@CR84]\]. Similarly, protein components of degraded virions could serve in the activation of the adaptive immune response, as EV have been demonstrated before to be capable of providing antigens for MHC class II loading and antigen presentation by DC \[[@CR81], [@CR91]\].

The multicomponent nature of EV-virus inevitably causes a variety of bioactive molecules of host and/or virus origin to be co-delivered to the same target cell. Importantly, this allows these molecules to act in a cooperative manner to modulate recipient cell behavior and virus spread. EV71 infection, for example, was shown to selectively drive EV incorporation of both viral RNA and host cell-derived miRNA-146a, a negative regulator of innate immune activation and an inhibitor of IFN-α/β. In line with its function, the presence of this miRNA promoted EV-mediated infection of new cells in vitro and in vivo \[[@CR76]\]*.* In addition, EV can simultaneously deliver multiple enclosed virus particles \[[@CR9], [@CR29], [@CR30], [@CR92]\]. This was postulated to facilitate genetic cooperativity, where individual virus copies that differ in mutational load can share viral protein machineries to facilitate successful infection. As a result, virus particles with an otherwise decreased fitness could escape potential innate immune recognition \[[@CR11]\].

EV-virus release and function in vivo {#Sec12}
-------------------------------------

To understand the in vivo role of EV in general and EV-virus in particular, characterization of EV in body fluids of patients and animal models is being employed with increasing frequency to validate and guide in vitro studies \[[@CR29], [@CR72], [@CR76], [@CR85], [@CR93]--[@CR95]\]. Initial studies on EV-enclosed HAV and HEV particles in vivo revealed the predominant presence of EV-enclosed virus in serum samples, whereas feces contained mostly naked virions \[[@CR29], [@CR72], [@CR93]\]. This stresses the importance of evaluating multiple types of patient samples for the presence of EV-virus. Moreover, in vivo EV-virus studies are complicated by the fact that mixtures of infected and non-infected cells, as well as permissive and non-permissive cells, can engage in reciprocal signaling cascades. The virus-induced cytokine IFN-α, for example, was shown to increase expression of interferon-stimulated genes (ISGs), such as APOBEC3G and IFITM3, in uninfected cells. These proteins can be sorted into EV along with mRNAs encoding ISGs and antiviral miRNAs \[[@CR96]--[@CR98]\]. EV containing these antiviral molecules protected recipient cells against infection, thereby constituting an antiviral strategy that likely bypasses the inhibition of type-I IFN response by viruses in infected cells \[[@CR96]--[@CR98]\]. In concordance, inhibition of EV release in vivo was shown to diminish IFN-α antiviral activity \[[@CR97]\]. These data indicate that parallel to the induction of EV-virus release by infected cells, surrounding cells may release subsets of functionally different EV in response to virus infection. As a result, the heterogeneity among the EV induced upon infection in vivo is likely far more complex than observed in vitro*.*

Connecting the state of knowledge on EV to future EV-virus studies {#Sec13}
==================================================================

Over the years, researchers in the EV field unraveled several morphological, compositional and functional aspects of EV released by several cell types in healthy and pathological conditions. In addition, a large amount of technical knowledge has been acquired on the possibilities and limitations of a wide range of methodologies used to study EV. This knowledge should be optimally used to design future EV-virus studies. To illustrate this, three perspectives are described below.

Naked virus-infected cells likely release multiple types of EV {#Sec14}
--------------------------------------------------------------

Knowledge from the EV field indicates that cells can release various types of EV, which are heterogeneous with regard to size and molecular composition \[[@CR20]\]. It is therefore expected that naked virus-infected cells not only release virus-containing but also other types of EV. Data substantiating this idea were recently published by McKnight et al., who showed that all HAV-containing EV carry the apical membrane protein DPP4 (dipeptidyl peptidase 4), but that only some of these EV carry CD9, CD63 and CD81 \[[@CR34]\]. These results illustrate that virus-infected cells, like cells in non-infectious settings \[[@CR20]\], release heterogeneous populations of EV. Mixed populations of EV not only arise due to differences in their subcellular origin, but also due to cell polarity. EV released from apical and basolateral sides of non-infected epithelial cells, for example, differ in molecular composition and function (reviewed in \[[@CR99]\]). Similarly, HAV-containing EV were shown to be released from both the apical and basolateral side of epithelial cells \[[@CR72]\], but it is yet unknown how these EV-virus subsets may differ in molecular composition and function. In addition, cell culture conditions can contribute to heterogeneity in released EV. The omission of serum in cell culture medium of some EV-virus studies \[[@CR9], [@CR31]\], for example, may have triggered starvation-induced EV release \[[@CR100], [@CR101]\] on top of virus-induced release. Given that naked virus particles can also be released from intact cells \[[@CR9], [@CR29], [@CR72]\], awareness needs to be raised that the extracellular space between naked virus-infected cells contains a highly complex mixture of particles (Fig. [1](#Fig1){ref-type="fig"}). Many of the currently used EV characterization methods focus on identification of molecular components in bulk isolates of EV, and are therefore not well-suited to address EV heterogeneity. Recently developed high-throughput single EV detection methods, such as flow cytometry-based techniques and ImageStream analysis \[[@CR102]--[@CR104]\], can aid in determining which molecular components truly associate with EV-virus.

Time is an important factor in studying virus-induced EV release {#Sec15}
----------------------------------------------------------------

EV are often regarded as snapshots of cells. By definition, a snapshot represents the state of a system at a particular point in time. The type and number of released EV is indeed affected by various factors influencing the cell state (Fig. [1](#Fig1){ref-type="fig"}), including cell-intrinsic factors (e.g., cell type, tumorigenic state) and external factors (e.g., growth factors, microbial agents, oxygen level, type and level of nutrients). However, the speed with which signals imposed on cells translate into changes in EV release is variable. We previously showed that IgE-mediated stimulation of mast cells induced massive release of particular subsets of EV as rapid as 1.5 h after stimulation \[[@CR105]\], whereas effects of LPS stimulation on EV release by dendritic cells become apparent over longer periods of time \[[@CR102], [@CR106]\]. Hence, timing should be considered as an important factor in relating the quantity and composition of EV to the activation or differentiation status of cells.

Temporal changes in EV composition also add an additional layer of complexity to the heterogeneity of virus-induced EV populations (Fig. [1](#Fig1){ref-type="fig"}). During virus infection, the state of cells rapidly changes while cells undergo a dramatic shift from homeostasis to pathology-related imbalances in a variety of cellular processes. The speed with which these changes occur in in vitro cell systems is highly dependent on the type of (laboratory-adapted) viral strain, host cell type, and infection conditions. Accurate assessment of temporal changes in host and viral molecules during the course of infection, e.g., by performing "quantitative temporal viromics" \[[@CR107]\], could in the future reveal indicator molecules hallmarking the timing of the infection process. Relating the expression of such molecules to the type and number of released EV may be used as a strategy to increase comparability of data and to more reliably assess how EV release relates to cell status during virus infection.

Tissue-specific EV-editing events can modify the function of virus-containing EV {#Sec16}
--------------------------------------------------------------------------------

Besides environmental factors that affect EV composition by modifying the parental cell status, components present in the extracellular milieu of tissues or in body fluids can additionally affect the composition and integrity of EV after their release. Such 'EV-editing' events (Fig. [1](#Fig1){ref-type="fig"}) include the binding of antibodies, coagulation factors or lipoparticles to the surface of EV \[[@CR62]\] (reviewed in \[[@CR108], [@CR109]\]), and degradation of the EV membrane by lytic factors. Several lines of evidence indicate that this type of modifications can strongly affect the function of EV. Autoantigen-containing EV in synovial fluid of rheumatoid arthritis patients, for example, were shown to bind anti-citrullinated peptide antibodies, thereby forming immune complexes that induced strong pro-inflammatory responses \[[@CR110]\]. Moreover, neuron-derived EV bind Alzheimer disease-associated amyloid β-peptide, thereby enhancing the formation of non-toxic amyloid fibrils and uptake by microglia \[[@CR111]\]. Additionally, both EV and retroviruses were shown to bind to the extracellular matrix protein fibronectin, which occurs in soluble form in plasma, leading to enhanced target cell binding of EV and modulation of virus infectivity \[[@CR112]--[@CR115]\]. For the EV-enclosed naked viruses, multiple studies indicate that tissue-specific factors affect the integrity of the EV-virus membrane. The observations that HAV and HEV appear in feces as naked viruses, whereas in blood they are enclosed by EV \[[@CR29], [@CR72], [@CR93], [@CR116]\], has been attributed to degradation of the EV membrane by exposure to bile salts upon passage through the bile duct. One may speculate that being able to change appearance during intra and inter-host transmission represents an evolutionary benefit for viruses; the membrane surrounding EV-virus allows immune evasion and genetic cooperativity inside the host but is not absolutely required for binding to or entry into host cells. At the same time, the capacity of the naked virus particles to survive and infect without a membrane allows the virus to withstand harsh conditions outside their host and to use this route for infecting new individuals. Finally, it remains to be determined whether there are more EV-editing processes that modify EV-virus composition in different tissues and contribute to their function.

Conclusion {#Sec17}
==========

The conception that EV-mediated escape of naked viruses from intact cells plays a role in host-pathogen crosstalk is gradually gaining ground. Different functions have been attributed to these EV, varying from enhanced resistance against neutralizing antibodies to inducing antiviral immune responses. Being aware of and specifically addressing the heterogeneity of EV populations released by virus-infected cells can help delineating the structure-function relationship of these EV. This requires specialized knowledge and methodologies developed in the EV field to quantify and characterize different EV populations. Strong liaisons between the fields of EV biology and virology can assist in further identification of viral and/or host factors driving the formation and release of (virus-containing) EV. In the future, this may lead to the identification of new therapeutic targets to limit virus spreading and the use of virus-induced EV in body fluids as diagnostic biomarkers of viral disease.
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